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1. Abstract 

The most fundamental to the elementary particle is the mass they posses and it 
would be of importance to explore a possible relationship amongst their masses. 
Here, an attempt is made to investigate this important aspect irrespective of their 
nature or scheme of classification. We show that there exists a striking tendency for 
successive mass differences between elementary particles to be close integral/half 
integral multiple of the masss diffrence between a neutral pion and a muon. Thus 
indicating discreteness in the nature of the mass occuring at the elementary particle 
level. Further, this mass difference of 29.318 MeV is found to be common to the mass 
spectra of leptons and baryons, implying thereby existance of a basic mechanism 
linking elementary particles responding to different interactions. 

2. Keywords 

Elementary particcles; mass relations; mass quantization. 



3. Introduction 

Explaining the nature and generation of the observed masses of the elementary par- 
ticles remains an outstanding probem in the modern physics. Experimental obser- 
vations reveal a wide distribution in the observed masses of the elementary particles 
with no apparent preferred order. Some studies have related the elementary particle 
masses to their established quantum numbers whereas others have been mere em- 
pirical examimination of their masses in search of some general systematics HUBS 
Boson and fermion masses were found to be respectively integral and half integral 
multiple of — electron masses, a being the fine structure constant^]. On the other 
hand, in the empirical mass formulla of FrosclJI^ the elementary particle masses 
have been obtained through integral multiplication of thrice the mass of electron. 
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Masses of the some of the earlier known mesons have also been expressed as integral 
multiples of 70 Me\^ 

and several mass intervals among elementary particles are 
reported as integral multiples of the pion mass taken approximately as 140 Me\fl3l. 
Further, masses of strongly interacting particles are reported to be linear combi- 
nations of pion and nucleon mass^. Existance of some sequences of particles with 
mass differences as integral multiples of pion mass and in some others as integral 
multiples of the muon mass has also been reported^ 1 . Studies on elementary particles 
have indicated that baryon and lepton masses are odd integral multiples whereas 
meson masses are even integral multiples of mass unit of about 35 MeV^. Of late 
the masses of proton, leptons and quarks have been obtained using electron and 
muon mass and integral multiples of a mass unit close to muon mass^^ Clearly 
electron, muon and pion masses have been used as basic units to show possible dis- 
creteness of mass and to explore possible relationship between elementary particle 
masses. The uncertainy in the determination of the elementary particle mass/mass 
difference in above studies varied in some cases by a few MeV to about 20 MeV 
or more^ ^31 ESI The conjecture that elementary particle masses are quan- 
tized as multiples of the pion mass has lead to intresting physical interpretations 
and consequances. The constituent quark mode l wa s an attempt to reconcile the 
35 MeV mass multiplicity with the quark modeff^. This model was shown to be 
equivalent to the Nambu's empirical mass 

formullcfni and both are related to the 
existance of Dirac unit of magnetic charge ES. Mass formula involving 70 MeV mass 
quantum has been derived for the leptons from the magnetic self-interacti on o f the 



charge and the anomalous magnetic moment of the relativistic electron^! L£U. The 
35 MeV mass quantization combined with a stability analysis of the elementary 
particle mass spectrum has revealed the shell structure of hadronsl^-l 

It is clear from above that a general relationship, linking masses of different 
elementary particles has consequences in the undrstanding of the fundamentals of 
physics. In the present study the mass quantum is not chosen a priori instead it fol- 
lows from our specific mode of analysis. Specifically, elementary particles have been 
arranged in the order of their associated physical mass irrespective of their classifi- 
cation and attempt has been made to explore a general relationship the masses of 
elementary particles may have with each other. We report a significant tendency for 
mass difference between elementary particles to be close integral/half integral mul- 
tiple of mass difference between first two massive elementary particles i.e. a neutral 
pion and a muon. 



4. Data Analysis and Results 

The database for the present study is the latest Particle Data group listings^! 
Except for the electron all classes of massive particles decaying by weak and/or 
electromagnetic inteaction i.e. leptons, hadrons and massive gauge bosons have been 
considered for the analysis. The resonances decaying through strong interaction are 
excluded from this study due to large uncertainty in their estimated massed^. 
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4.1. Leptons, mesons and baryons 

In Table 1 leptons, mesons, baryons and gauge bosons are tabulated in the ascending 
order of their physical mass irrespective of their structure, type of interaction or 
their associated quantum numbers. For example the first particle in the table is ji~ 
a charged lepton followed by ir° a neutral meson. Similarly, neutron a non-strange 
baryon is followed by a strangeness '-1' baryon i.e. a lambda particle and strangeness 
'-3' baryon i.e. omega particle is followed by a tau lepton. In order to look for any 
specific order in the occurence of these mass states differences between successive 
masses i.e. Am 's were computed and are shown in coloumn 4 of the table 1. On 
inspection of Am Q 's it was observed that these mass differences could be classified 
into two categories Those with values of the order of a few MeV or less were classified 
as low mass differences and the remaining as the high mass differences. Out of a total 
of 34 particles leading to 33 mass differences, twenty three were having high mass 
differences and eleven were having low mass difference. Further, it was observed 
that all the low mass differences were because of the difference in masses of the 
different charge states of the same particle and are thus explainable on the basis 
of electromagnetic interactiorPSl. For example 1.3425 MeV is the mass difference 
between a neutron an da proton and 4.59 MeV is the difference between mass of a 
charged pion and mass of a neutral pion. 

However, the high Ato q 's form the centre of the present investigation as they 
reflect the mass difference between different types of particles. A closer look at 
these mass differences reveals that about 12 of these differences are close multiples 
of 29.318 MeV (Coloum 5), which is the mass difference between 7r° and fi~, the first 
two particles in the ascending order of physical mass. For example, the observed 
mass difference between D° a meson and r~ a lepton is 87.61 MeV. This value is 
very close to 87.954 MeV, a value obtained on multiplication of 29.318 MeV by an 
integer i.e. by 3. Similarly 117.381 MeV, the observed mass difference between two 
baryons S° and £~ differs from the predicted value of 117.272 MeV by 0.109 MeV. 
Same is true of the mass difference between pairs of particles (k & 7r ± ), (A & 
n), (fl- & S-), 0D S *± & Df), (A+ & Df), (3+ & A+), & (S± & 

(W ± & Bf) and (Z & W ) which are very close to the integral multiples of 29.318 
MeV and lead to small departures of 2.291, 0.21, 0.676, 2.79, 3.108, 5.492, 1.428, 
1.516, 2.95 and 2.894 MeV respectively between the observed and those expected 
on the basis of integral multiplication of 29.318 MeV. In fact, the uncertainty in the 
observed masses of Bf , W ± and Z are much larger than the deviations in the mass 
difference between observed and predicted values of {W^ 1 & Bf) and (Z & VF ± ). The 
difference between the observed and predicted values in case of particles (77 & fe°), 
(p & ry), (£+ & A ), (r- & 0-), (Df & D±), & E% (B* & B°), (S s ° & B*), 
(Ag & B°) and (B± & A°) are however large and are 8.534, 9.388, 14.264, 12.732, 
10.946, 14.346, 13.036, 14.036, 9.462 and 13.732 MeV respectively. It is important 
to note that seven of these ten large differences are very close half integral multiples 
of 29.318 MeV and lead to difference between observed and expected values as 0.39, 
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1.927, 3.713, 0.313, 1.623, 0.623 and 0.927 MeV respectively (column 8). For example 
the difference between mass of B* and mass of B° differs from the closest integral 
multiple of 29.318 MeV by 13.036 MeV whereas the difference between the observed 
and predicted value obtained by the half integral multiplication of mass difference 
between ir° and [i~ is only 1.623 MeV. Further, the difference between mass of Sc + 
and mass of differs from the closest integral multiple of 29.318 MeV by 14.346 
MeV whereas the difference between the observed and predicted value obtained by 
the half integral multiplication of 29.318 MeV is only 0.313 MeV. Clearly most of 
the differences between observed and calculated values are accountable if the mass 
difference between successive particles is considered to be half integral multiple of 
the mass difference between a tt° and a pT i.e (Am P 2)— ^{m^a - m r ) where N is 
an integer. It can be clearly seen from the table 1 that in about 56% of the cases the 
difference is in the range of -1 to +2 MeV between the observed and the predicted 
values and about 74% cases are accountable with deviation of ±3 MeV. Only in 
four cases the differences are in the range of 5 to 6 MeV. 

The important feature of the study is a high degree of agreement between ob- 
served and predicted mass differences between the members of the SU(3) baryon 
octet. As can be seen from the Table 1, the differences of observed and predicted 
mass differences of (A & n), (£+ & A ) and (5° & £") are all found to be < 0.39 
MeV on the basis of predicted mass differences as integral/half integral multiple 
of 29.318 MeV. Further the observed mass difference between the last member of 
baryon octet E _ and the only non-resonance member of the baryon decuplet f2~ 
differs from the integral/half integral multiple of 29.318 MeV by only 0.676 MeV. 
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Table 1. The observed successive mass difference of particls as integral/half integral 
multiple of 29.318 MeV 



Particle 


Mass 


Am 


Am.pi 


Obsd - Expd 


Am p 2 


Obsd - Expd 




(MeV) 


(MeV) 


N 


(MeV) 


N 


(MeV) 




105.65836 
±0.00009 


29.318 


29.318 
N=l 





29.318 
N=2 





n 


134.9766 
±0.0006 


4.59 










+ 


139.57018 
±0.00035 


354.107 


351.816 
N=12 


2.291 


351.816 
N=24 


2.291 




493.677 
±0.019 


4.025 










7 


497.648 
±0.022 


50.102 


58.636 
N=2 


-8.534 


43.977 
N=3 


6.125 


V 


547.75 
±0.12 


390.522 


381.134 
N=13 


9.388 


395.793 
N=27 


-5.271 


V 


938.27203 
±0.00008 


1.34253 










n 


939.56536 
±0.00008 


176.118 


175.908 
N=6 


0.21 


175.908 
N=12 


0.21 


A° 


1115.683 
±0.006 


73.69 


87.954 
N=3 


-14.264 


73.295 
N=5 


0.39 


S+ 


1189.37 
±0.07 


3.1 










s° 


1192.642 
±0.024 


4.97 










s- 


1197.449 

in non 
ztU.UoU 


117.3811 


117.272 

"NT A 

IN — 4 


0.109 


117.272 

IN — o 


0.109 


s° 


1314.83 

-1-0 90 


6.42 










s ~ 


1321.31 
±0.13 


351.14 


351.816 
N=12 


-0.676 


351.816 
N=24 


-0.676 


n- 


1672.45 
±0.29 


104.54 


117.272 
N=4 


-12.732 


102.613 
N=7 


1.927 




1776.99 

±0.29 

-0.26 


87.61 


87.954 
N=3 


-0.344 


87.954 
N=6 


-0.344 


D° 


1864.6 
±0.5 


4.7 










D± 


1869.4 
±0.5 


98.9 


87.954 
N=3 


10.946 


102.613 
N=7 


-3.713 


Dt 


1968.3 
±0.5 


143.8 


146.59 
N=5 


-2.79 


146.59 
N=10 


-2.79 


D*± 


2112.1 
±0.7 


172.8 


175.908 
N=6 


-3.108 


175.908 
N=12 


-3.108 


A+ 


2284.9 
±0.6 


181.4 


175.908 
N=6 


5.492 


175.908 
N=12 


5.492 


■— 'C 


2466.3 
±1.4 


5.5 










= 
'— 'c 


2471.8 
±1.4 


102.3 


87.954 
N=3 


14.346 


102.613 
N=7 


-0.313 


=/+ 

— 'C 


2574.1 


4.7 










„/o 


±3.3 












2578.8 
±3.2 


118.7 


117.272 
N=4 


1.428 


117.272 
N=8 


1.428 
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Table 1. (Contd.) The observed successive mass difference of particls as integral/half 
integral multiple of 29.318 MeV 



Particle 


Mass 


Am„ 


Am p i 


Obsd - Expd 


Am p2 


Obsd - Expd 




(MeV) 


(MeV) 


N 


(MeV) 


N 


(MeV) 


0° 


2697.5 


2581.5 


2579.984 


1.516 


2579.784 


1.516 




±2.6. 




N=88 




N=176 




B± 


5279 


0.1 












±0.5. 












B° 


5279.4 


45.6 


58.636 


-13.036 


43.977 


1.623 




±0.5 




N=2 




N=3 




B* 


5325 


44.6 


58.636 


-14.036 


43.977 


0.623 




±0.6 




N=2 




N=3 




B° 


5369.6 


254.4 


263.862 


-9.462 


249.203 


5.197 




±2.4 




N=9 




N=17 






5624 


776 


762.268 


13.732 


776.972 


-0.927 




±9 




N=26 




N=53 






6400 


74025 


74027.95 


-2.95 


74027.95 


-2.95 




±400 




N=2525 




N=5050 




W ± 


80425 


10762.6 


10759.706 


2.894 


10759.706 


2.894 




±380 




N=367 




N=734 




z 


91187.6 














±21 













4.2. Leptons 

Of the three leptons i.e. e~ , /i~ , t~ we exclude e~ from the study as its mass is 
several orders of magnitude lower compared to all other particles. The observed 
mass interval between the remaining unstable leptons i.e. ji~ and r~ is 1671.331 
MeV. The closest value obtained on integral multiplication (N=57) of 29.318 MeV 
is 1671.126. Clearly this value is very close to the observed value and differs from 
it by only 0.205 MeV. 

4.3. Baryons 

Next we consider baryons that decay by weak and/or electromagnetic interaction. 
Sixteen of these baryonj22l when listed in the ascending order of mass lead to nine 
values of high mass difference. The remaining six low mass differences being due 
to electromagnetic interaction. In Fig. 1 we show in the form of a histogram the 
differences between the observed values and those predicted on the basis of -y (m^o 
- m„- ) for these baryons. It is clearly seen that the differences are not uniformly 
spread; instead a clear central tendency exists with 77% of the cases explainable 
within a departure of ±1 MeV. This indicates that mass difference between succes- 
sive baryons occur as half integral multiples of 29.318 MeV. 

In case the mass differences were not integral/half integral multiple of 29.318 
MeV, distributions as shown in Fig. 1 would hardly be revealed. 
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Fig. 1. Successive baryon mass differences as half integral multiple of 29.318 MeV. 

Next we studied each baryon with respect to all the remaining baryons by ar- 
ranging them in the ascending order of mass. The analysis is detailed in Tables 2 to 
10. For example column 2 in Table 2 gives the observed mass difference of proton 
with respect to each of the remaining baryons. The third column gives the closest 
value to the observed mass difference obtained on integral multiplication of 29.318 
MeV (column 4). A closer look at these predicted mass differences reveals that ex- 
cept for two values all the observed mass differences are close integral multiples of 
29.318 MeV. The fifth column is the difference between the observed mass and the 
closest value obtained on integral multiplication of 29.318 MeV. For example, the 
observed mass difference between a proton and a lambda particle (A ) is 177.410 
MeV. This value is very close to 175.908 MeV, a value obtained on multiplication 
of 29.318 MeV by an integer 6. Similarly 1759.2279 MeV, the observed mass dif- 
ference between and proton differs from the predicted value of 1759.08 MeV 
by 0.1479 MeV. As seen from the tables 2-10 the difference between the observed 
and the predicted mass difference in case of differences of A^ with other baryons 
are somewhat large but are less than the uncertainty (±9 MeV) in the measured 
mass of A°. In some cases the difference of the observed and the predicted mass 
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differences are smaller than the uncertainty in the measured mass of the particles 
involved. For example, in the mass difference tables for Sc + , S° and the devia- 
tion of the predicted mass differences from the observed mass differences are closer 
to or smaller than the uncertainty (Table 1 Column 2) in the measured mass of the 
particles involved. 

Interestingly, the only two large differences i.e. for (p & £+) and (£+ & A ) 
between observed and calculated mass differences are accountable if the mass dif- 
ference (Am) between successive particles is considered to be half integral multiple 
of the mass difference between a 7r° and a [i" i.e (Am)= ^-{m^a - m^- ) where N is 
an integer. For example the difference between mass of S + and mass of A ( Table 
3) differs from the closest integral multiple of 29.318 MeV by 14.267 MeV whereas 
the difference between the observed and predicted value that would be obtained 
by the half integral multiplication of the mass difference between 7r° and a \i~ is 
only 0.392 MeV. Similarly the difference of 12.765 MeV (Table 2) between observed 
and predicted mass difference of p and S + differs from the closest half integral 
multiple of 29.318 MeV by only 1.894 MeV. Thus the mass difference between any 
two baryons is fully accounted in terms of the mass difference between 7r° a meson 
and a lepton . In fact 82% of the observed 45 (Table 2-10) differences are thus 
accounted within a deviation of ±4 MeV. 
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Table 2. Mass difference of baryons with respect to proton as integral 
multiple of 29.318 MeV 



p 


Mass difference 
(MeV) 


Am 


Integer 
N 


Obsd-Expd 
(MeV) 


A" 


117.410 


175.908 


6 


1.502 


S+ 


251.097 


263.862 


9 


-12.765 




383.037 


381.134 


13 


1.903 




734.177 


732.95 


25 


1.227 


At 


1346.6279 


1348.628 


46 


-2.00 




1528.027 


1524.536 


52 


3.491 


c/+ 

'— 'C 


1635.827 


1641.808 


56 


-5.981 




1759.2279 


1759.08 


60 


0.1479 


Ag 


4685.7279 


4690.88 


160 


-5.1521 



Table 3. Mass difference of baryons with respect to A as integral 
multiple of 29.318 MeV 



A" 


Mass difference 
(MeV) 


Am 

N{m n o - m M - ) 


Integer 
N 


Obsd-Expd 
(MeV) 


S+ 


73.687 


87.954 


3 


-14.267 




205.627 


205.226 


7 


0.401 


n- 


556.767 


557.042 


19 


-0.275 


A+ 


1169.217 


1172.72 


40 


-3.503 


— 'C 


1350.617 


1348.628 


46 


1.989 


„/o 

—c 


1463.117 


1465.9 


50 


-2.783 


n° c 


1581.817 


1583.172 


54 


-1.355 


A? 


4508.317 


4514.972 


154 


-6.665 
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Table 4. Mass difference of baryons with respect to £ as integral 
multiple of 29.318 MeV 





Mass difference 


Am 


Integer 


Obsd-Expd 




(MeV) 


N(m n o - m M -) 


N 


(MeV) 




117.381 


117.172 


4 


0.109 


si- 


475.001 


469.088 


16 


-5.912 


A+ 


1078.451 


1084.766 


37 


2.685 


'C 


1268.851 


1260.674 


43 


8.177 


„/o 

■— 'C 


1381.351 


1377.946 


47 


3.405 




1500.051 


1495.218 


51 


4.833 


A? 


4426.551 


4427.018 


151 


-0.467 


Table 5. 


Mass difference of baryons with respect to S 


as integral 


multiple 


of 29.318 MeV 










Mass difference 


Am 


Integer 


Obsd-Expd 




(MeV) 


N{m n o - m M -) 


N 


^ivie v j 


Q- 


351.14 


351.816 


12 


-0.676 


Ai 


963.59 


967.494 


33 


-3.904 




1144.99 


1143.402 


39 


1.588 


„/o 

■— 'C 


1257.49 


1260.674 


43 


-3.184 




1376.19 


1377.946 


47 


-1.756 


A° 


4302.69 


4309.746 


147 


-7.056 


Tabic 6. 


Mass difference of baryons with respect to Q 


as integral 


multiple 


of 29.318 MeV 








n- 


Mass difference 


Am 


Integer 


Obsd-Expd 




(MeV) 




N 


(MeV) 


A+ 


612.45 


615.678 


21 


-3.288 


=+ 

■— 'C 


793.85 


791.586 


27 


2.264 


„/o 

■— 'C 


906.35 


908.858 


31 


-2.508 


^2 


1025.05 


1026.13 


35 


-1.08 


A? 


3951.55 


3957.93 


135 


-6.38 
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Table 7. 


Mass difference of baryons 


with respect to as integral 


multiple 


^r on qi q A/r«"\7" 
ot zy.oio iviev 






A+ 


Mass difference Am 


Integer 


Obsd-Expd 




(MeV) N(m w o - 


v) N 


(MeV) 


=+ 

'C 


181.4 175.908 


6 


5.492 


t?/° 

< — C 


293.9 193.18 


10 


0.72 




412.6 410.452 


14 


2.148 


Ag 


333.1 3342.252 


114 


-3.152 


Table 8. 


Mass difference of baryons 


with respect to 


H7" as integral 


multiple 


of 29.318 MeV 








Mass difference Am 


Integer 


Obsd-Expd 




(MeV) JV(m„o - 


"V-) N 


(MeV) 


' — 'C 


112.5 117.272 


4 


-4.772 




231.2 234.544 


8 


-3.344 


A? 


3157.7 3166.344 


108 


-8.644 


Table 9. 


Mass difference of baryons 


with respect to 


as integral 


multiple 


of 29.318 MeV 






=/° 

— 'C 


Mass difference Am 


Integer 


Obsd-Expd 




(MeV) Nim^o - 


m M _) N 


(MeV) 




118.7 117.272 


4 


1.482 


Ag 


3045.2 3049.072 


104 


-3.872 


Table 10. Mass difference of baryons with respect to as integral 


multiple 


of 29.318 MeV 






ng 


Mass difference Am 


Integer 


Obsd-Expd 




(MeV) N(m^ - 




(MeV) 


A? 


2926.5 2931.8 


100 


-5.3 



5. Discussion 

The elementary particle mass intervals for mesons, baryons and lepton families have 
been expressed as multiples of basic pion mass However, there is no general 
agreement whether this basic mass is 137 MeV i.e. average of neutral and charged 
pion mass or some other basic value such as 140 MeV i.e. mass of the charged pion. 
While the mass unit of 137 MeV reproduces some of the observed mass intervals 
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among the mesons, for the baryons the basic unit of 140 MeV is shown to give a 
better agreement with the data and for the unstable lepton mass interval the basic 
unit is reported as 139.7 MeV^S. However, if the study is extended to the presently 
known masses of leptons the predicted mass difference of Ref. Q2] deviates from the 
observed value by 5.06 MeV. Again the calculated mass of tau lepton 1786.16 MeV 
obtained by taking integral i.e. 17 leaps from the muon mass in Ref. 17 and 18 dif- 
fers from the observed mass 1776.99 MeV by 9.17 MeV. On the other hand we show 
that the observed mass interval of unstable leptons differs from the integral multiple 
of 29.318 MeV by only 0.205 MeV. This means that the calculated tau lepton mass 
obtained by taking integral i.e. 57 leaps of 29.318 MeV from the muon mass differs 
from the observed mass by only 0.205 MeV. Similarly some hadron mass differences 
have been reported to be integral multiples of the muon mass with a deviation of 
±5 MeV H % On the other hand we have shown with a reasonably better accuracy 
that the mass unit of 29.318 MeV is basic to the mass difference between elementary 
particles arranged in ascending order of mass. This holds true for mass differences 
between unstable leptons, successive baryons and of 45 mass differences among all 
baryons. Such an evidence cannot be mere accidental. The high mass differences 
between the members of different baryon isospin multiplets compared to small mass 
intervals within a multiplet are attributed to the higher magnitude of the strong 
interaction than the electromagnetic interaction. It is therefore intriguing that the 
high mass differences due to strong interaction like that between members of baryon 
octet are close integral multiples of a mass difference between strongly interacting 
pion and electromagnetically/weakly interacting muon. Further, as shown in the 
present study the mass difference between a neutral pion (hadron) and a muon 
(lepton), is common to both leptons and baryons. Although leptons and hadrons 
are treated as unrelated entities, pion and muon mass difference appears to be basic 
to the mass spectra of these particles and hence bridges the two separate realms of 
the elementary particles. The general implication of our study is that elementary 
particle mass states seem quantized and that they occur distributed in various mass 
states such that the mass differences are integral/half integral multiples of the mass 
difference between first two lowest massive elementary particles. This goes well with 
the general rule in physical systems where lowest mass states are considered as the 
building blocks of more complex systems and hence in some sense the most funda- 
mental. From the study it looks possible to obtain mass of an elementary particle 
by making integral/half integral jumps in units of 29.318 MeV. This discreteness 
of mass occurrence holds fairly well for baryons and leptons. The present study 
treating the leptons, mesons and baryons on equal basis will have impact in the 
understanding of the physics of the elementary particles. 

6. Conclusion 

Our study reveals a general tendency for the mass differences between the elemen- 
tary particles to be integral/half integral multiples of mass difference between a 
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neutral pion and a muon, the first two massive elementary particles occurring in 
nature. The results are equally applicable to all particles arranged in the ascending 
order of mass irrespective of their nature or classification, to successive members of 
the baryon octet, to the unstable leptons and to the mass difference between any 
two baryons and hence can not be treated as a mere coincidence. That the pion 
and muon mass difference appears to be basic to the mass spectra of leptons and 
baryons tends to indicate a sort of common link between particles responding to 
different interaction forces. 
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